Abstract Thirty-one Tocklai vegetative (TV) tea clones contained caffeine and total catechin 44.39 and 227.55 mg/g dry weight of leaves, respectively. The (-)-epigallocatechin gallate (EGCG) was the most abundant (109.60 mg/g) followed by -(-)-epigallocatechin (EGC, 44.54 mg/g), (-)-epicatechin gallate (ECG, 41.74 mg/g), (-)-epicatechin (EC, 27.42 mg/g) and ?catechin (4.25 mg/g). Total catechins were highest in TV 20 (509.7 mg/g) and lowest in TV 6 (71.7 mg/g). The tea clones that contain high level of total catechin exhibited the strongest antimicrobial activity. Among caffeine and flavanol compounds, theaflavins (TF) present in black tea possess a similar antimicrobial potency as EC present in fresh leaves, and that the conversion of catechins to TF during fermentation in making black tea tends to alter their antimicrobial activities. The bioactive molecules other than catechins present in tea leaves may also contribute towards antimicrobial activity.
Introduction
The search for components with antimicrobial activity has gained increasing importance in recent years due to growing worldwide concern about the alarming increase in the rate of infection by antibiotic-resistant microorganisms. For a long period of time, plants have been a valuable source of natural products for maintaining human health, especially in the last decade, with more intensive studies for natural therapies. Higher green plants (Spermatophyta), gymnosperms and angiosperms alike, are able to produce structurally unique secondary metabolites (alkaloids, flavonoids, terpenoids, etc.) exhibiting antimicrobial and/or antitumor/antiviral activities, covering close to 12,000 antibiotic compounds [1] . In the widest sense, all the plant secondary metabolites with biological activity may also be considered as antibiotics [1] .
Camellia sinensis (L) O. Kuntze, the most distinguished member of the family Theaceae as a beverage has been consumed worldwide. Tea has been a plant of interest from the prehistoric days and there is a growing awareness during the past few years about its medicinal values attributed to some of the phenolic compounds present in the leaves of this plant used for the manufacture of tea. There are four main catechins found in tea leaves, including (-)-epicatechin (EC), 3-(-)-epigallocatechin (EGC), (-)-epicatechin gallate (ECG) and (-)-epigallocatechin gallate (EGCG) and may be present at concentrations of up to 1 mg/ml in a cup of tea [2] . Catechins account for 6-16% of the dry green tea leaves [3] and EGCG is the major catechin in tea leaves [4] . The catechin content in tea leaves varies with season. The average catechin content in tea leaves was 22.0, 20.1, 19.4 and 19.2% in summer, spring, fall, and winter, respectively [5] . Theaflavins (TF) are another group of polyphenol pigments found in both black and oolong tea. TF are formed from polymerization of catechins at the fermentation or semifermentation stage during the manufacture of black or oolong tea [6] . Both catechins and TF have recently received much attention as protective agents against cardiovascular disease and cancer [7] . Numerous pharmaceutical experiments on human, animal, and in vitro studies suggest that tea may have various types of beneficial biological activities, including antioxidant [8] , anticarcinogenic [9] , anti-inflammatory [10] , inhibition of tooth decay [11] , reduction of blood pressure [12] , controlling obesity [13] and antimicrobial properties [14] .
Since 1949, 31 Tocklai vegetative (TV) tea clones have been developed at Tocklai Experimental Station, Jorhat, Assam, India, for commercial cultivation. This investigation deals with the screening of in vitro antimicrobial activities in the leaf extracts of 31 TV tea clones and to identify the principal bioactive components (catechins) in the tea extracts.
Materials and Methods

Plant Materials and Extract Preparation
Fresh mature leaves of 31 TV tea clones were collected in April, 2008, from the germplasm preservation plots of Tocklai Experimental Station, Jorhat, Assam, India. The tea clones were grown under similar agro-climatic conditions without shade. Tea leaves were dried in open air at room temperature, 20 g of leaves were finely ground in a homogenizer, and extracted overnight with 100 ml methanol shaking gently. The extracts were filtered through filter paper, dried in a rotary evaporator at 40°C, and again extracted with ethyl acetate and evaporated to dryness. Dry, brown coloured crude extract of most of the tea clones were found to be water soluble, weighed and dissolved in sterile water to 5 mg/ml, and sterilized by passing through a 0.45-lm cellulose acetate membrane. DMSO 2% was used to dissolve the extracts in the culture media when necessary. All extracts were maintained in amber glass vials at -20°C.
Total TF from black tea were extracted according to Mahanta [15] . Extracted TF spectral data were compared with authentic samples.
Microorganisms and Chemicals
The test strains Staphylococcus aureus MTCC 737, Bacillus subtilis MTCC 441, Proteus vulgaris MTCC 426, Escherichia coli MTCC 443, Pseudomonas aeruginosa MTCC 741, Candida albicans MTCC 227 and Aspergillus niger MTCC 282 used for screening antimicrobial activities were procured from Microbial Type Culture Collection and Gene Bank (IMTECH, Chandigarh, India). All the bacterial strains were maintained at -20°C in containing 15% (v/v) glycerol. Before testing, the suspensions were transferred to nutrient broth and cultivated overnight at 37°C (bacteria) and potato dextrose broth (fungi and yeast) at 25 and 28°C.
Chemicals used for this study (caffeine, gallic acid, ECG, EC, EGCG, and ?catechins) were procured from Sigma-Aldrich, USA. Nutrient, potato-dextrose and Czapeks-Dox media for antimicrobial tests were purchased from Hi-Media Lab. (Mumbai, India).
In Vitro Antimicrobial Activity and MIC of the Extract For in vitro screening of antimicrobial activity, the crude extract of each tea clone, sterilized by filtration, and used for assaying antimicrobial activity by agar well diffusion method against test microorganisms [16] . The inoculum (100 ll) containing 1 9 10 4 colony-forming units (CFU) of each microbial strain were used and 100 ll of crude extract (500 lg) of each tea clone were dispensed into agar cup. Pure caffeine and catechins were also tested in the same way at 100 lg/agar cup. Standard antibiotic discs were used as positive controls. The diameters of inhibition zones were recorded after 24 h of incubation at 37°C for bacteria, 28°C for C. albicans and after 48 h at 25°C for A. niger. Each experiment was repeated thrice and inhibition zones were calculated.
The extracts of TV clones that showed highest total catechins/antimicrobial activity was tested by agar dilution method to determine the minimal inhibitory concentration (MIC) against S. aureus and P. aeroginosa according to NCCLS [17] . Ampicillin was used as the standard to compare the antimicrobial activity (MIC) of the extracts. The microbes were grown in nutrient broth, and the overnight culture was spot-inoculated on the nutrient agar plates such that the inoculum contained 2 9 10 6 CFU. The plates were incubated at 37°C, examined after 24 h and incubated further for 72 h, wherever necessary. The MIC determination was performed in triplicate, and the experiment was repeated wherever necessary.
Analysis of Caffeine and Catechins by HPLC
The solvent extract of tea leaves were analyzed for catechins and caffeine, and quantitatively estimated by HPLC with Luna 5l phenyl-hexyl-phenomenax column (4.5 9 250 mm) and UV-Visible detector at 278 nm. The solvent system used was solvent ''A'' (2.0% acetic acid and 9.0% acetic acetonitrile); solvent ''B'' (80% acetonitrile) as described in ISO (ISO committee draft, 1999). The chromatographic peaks were identified and estimated by comparing the retention times and areas of the standard catechins expressed as mg/g dry weight of tea leaves.
Results and Discussion
Antimicrobial Spectrum of the Extracts
The complete list and types of the 31 TV tea clones tested in this work is shown in Table 1 . All the TV clones showed antibacterial activity against at least one of the test organisms except tea clone TV 6. Among the microorganisms tested S. aureus and P. aeroginosa were most susceptible to the inhibitory effect of TV clone extracts (500 lg crude extract/agar cup), whereas Klebsiella pneumoniae was least sensitive. E. coli and B. subtilis were inhibited to a similar extent (data not shown). On the other hand, C. albicans MTCC 227 and A. niger MTCC 282 were resistant to fresh tea leaf extracts tested (data not shown). Okubo et al. [18] had also reported that Trichophyton mentagrophytes and Trichophyton rubrum were inhibited by tea, but not C. albicans and Cryptococcus neoformans. Variations in bioactivities shown by the TV tea clone extracts against S. aureus and P. aeroginosa are shown in Fig. 1 . It was confirmed that all the extracts have interesting antimicrobial activities. In vitro screening of some of the TV clone extracts viz. 1, 10, 11, 12, 13, 14, 15, 16, 18, 19 and 20 showed higher antibacterial activities (C20 mm inhibition zones against S. aureus and C17 mm zone against P. aureginosa) than the other TV clones (Fig. 1) . The extracts of Cambod clone TV 20 exhibited highest zone of inhibition against S. aureus and P. aeroginosa (Fig. 1) . The MIC of solvent extracts of TV 20 against S. aureus and P. aeroginosa were 190 and 220 lg crude extract/ml, respectively. The MIC of the standard ampicillin against S. aureus and P. aeroginosa were 0.50 and 32.0 lg/ml, respectively.
The average caffeine and total catechin in solvent extracts of TV clones were 44.39 and 227.55 mg/g, respectively (Table 1) . EGCG was the most abundant (109.60 mg/g) followed by EGC (44.54 mg/g), ECG (41.74 mg/g), EC (27.42 mg/g) and ?Catechin (4.25 mg/g). The amount of total catechins registered high values in TV 20 (509.7 mg/ml) and lowest by 71.7 mg/g in TV 6 ( Table 1 ). The level of total catechins, EGCG and ECG of tea clone TV 6 solvent extract was much lower than the other TV clones and it may not be sufficient to inhibit test organisms (Table 1) . Although the Assam variety of tea plants registered high values in most of the catechins forms, the catechin index was highest in the extracts of TV 20 (Cambod type) followed by Assam type clone TV 11, TV 10 and TV 1 ( Table 1) . Most of the tea clone extracts containing high total catechins exhibited strong antimicrobial activities (Table 1 ; Fig. 1) . Therefore, the decreased antimicrobial activity of the extracts as shown in Table 1 may be attributed to the least amount of catechins in these TV tea clones. All the TV clones developed by Tocklai Experimental station were by selection and conventional breeding between selected parents of three varieties (Assam, China and Cambod). A few clones are either Assam-China hybrid or China hybrid. All the TV clones are diploid (2n = 30) except TV 29 (triploid, 2n = 45) and combine all the qualities of tea as a beverage. Among these tea clones, TV 20 (Cambod) extract exerted strong antimicrobial activity with highest catechin content ( Table 1 ; Fig. 1 ). Though some of the Cambod clone solvent extracts (TV 22, 23, 24, 25 and TV 26) showed promising antimicrobial activity in vitro; their parental combinations are different from TV 20. It is generally considered that Cambod variety is not preferred for quality, but used as the yield clone. From the experimental data, it appears that these clones are equally important as Assam or China type in terms of medicinal value.
Some tea clone extracts (TV 7 and TV 10) contained higher EGCG content (254 and 245 mg/g, respectively) than the extracts of TV 20 (229 mg/g), but with less antimicrobial activity than TV 20 (Table 1 ; Fig. 1 ). This may be due to some bioactive molecule present in tea leaves other than catechins or synergistic effect of individual catechins in the extracts. El-Gammal and Mansour [19] reported that the flavonols quercitin, kaempferol, and myricetin exhibited activity against gram-positive bacteria and TV1  TV2  TV3  TV4  TV5  TV6  TV7  TV8  TV9  TV10  TV11  TV12  TV13  TV14  TV15  TV16  TV17  TV18  TV19  TV20  TV21  TV22  TV23  TV24  TV25  TV26  TV27  TV28  TV29  TV30  TV31 Tocklai Vegetative (TV) tea clones Bacterial inhibition zones (mm) S.aureus P. aureoginosa Fig. 1 Antibacterial activity of TV tea clone leaf extracts against S. aureus and P. aeroginosa. Antimicrobial activity was assayed following agar cup diffusion method. 500 lg Crude extract of each tea clone were dispensed into agar cups. Data are expressed as means ± SE, n = 3. The significance of differences in inhibition zones shown by TV clones was determined by analysis of variance (ANOVA) by Students' t test. The significance level for all analysis was P = 0.05. CD at 0.05 = 1.76, 1.84, for S. aureus and P. aeroginasa respectively
Quercitin had MIC of 37 lg/ml for S. aureus and was not active against E. coli. Also more than 300 volatile flavour components have been reported in black tea [20] , and more than 100 such components have been reported in green tea and found some of these to be microbiologically active [21] . Some combinations of catechins with antibiotics also exhibit synergistic activities and/or are effective against antibiotic-resistant bacteria. EGCG is an excellent candidate because the extensive research has revealed that b-lactams and EGCG have synergic effects against multidrug-resistant bacteria [22] . EGCG synergizes the activity of b-lactams against MRSA because both EGCG and b-lactams directly or indirectly attack the same target: peptidoglycan synthesis [22] . Theasinensin A, a decomposition product of EGCG, reduced antibiotic resistance of methicillin-resistant S. aureus [23] .
Antimicrobial Activity of Individual Catechin
Growth inhibition zones of commercial tea phytochemicals and standard antibiotics against S. aureus and P. aeroginosa are shown in Table 2 . The bacterial strain S. aureus was inhibited by all the eight standard antibiotics tested and P. aeruginosa was sensitive to chloramphenicol, erythromycin and gentamicin (Table 2) . Tea catechins EGCG, ECG, EGC, gallic acid and TF showed inhibition of both the test organisms. Several studies have suggested that the purified catechin fractions from green and black tea, and ECG and EGCG in particular, inhibit the growth of many bacterial species [14, 21, 24] . We found that little information exists concerning the relative antibacterial activity among individual catechins gallic acid and TF. The present observations suggested that the antibacterial activity was in decreasing order (EGCG [ ECG [ EC C TF C gallic acid [ EGC) against S. aureus and P. aeroginosa as shown in Table 2 . Ikigai et al. [24] had also reported that EC was much less active than EGCG [24] . S. aureus was more susceptible than gram-negative E. coli, consistent with a much greater binding of EGCG to Staphylococci. Higher levels (MIC = 800 lg/ml) were needed to inhibit gram-negative bacteria (E. coli, K. pneumoniae, S. typhi, P. mirabilis, P. aeruginosa, and S. marcescens) than MIC of 50-100 lg/ml of EGCG against several strains of Staphylococci (S. aureus, S. epidermis, S. hominis, and S. haemolyticus) [25] . The structure of the cell wall as well as the variable affinities of ECGC to cell wall components (peptidoglycans) may govern susceptibilities of Gram-positive and Gram-negative bacteria to EGCG. The EGCG-induced damage of the cell wall and interference with its biosynthesis through direct binding with peptidoglycan are the major reasons for the susceptibility of Staphylococcus to EGCG [26] . Detailed physicochemical studies suggested that the bactericidal activities of galloylated tea catechins at the cell membrane level might be due to their specific perturbations of the ordered structure of phosphatidylcholine and phosphatidylethanolamine present in bacterial cell wall membranes [27] . Fukai et al. [28] reported that the activities of the TF were similar to those of the simple catechins. TF are the products formed when catechins are oxidized and dimerized. The antibacterial activity of TF was similar to that of EC but it was lower than that of ECG and EGCG (Table 2) .
Conclusions
The antimicrobial activity of tea leaves could be correlated with the catechin content, which is dependent on the choice of planting material and clonal variation. The antimicrobial activity shown by fresh tea leaf extracts is mainly due to the catechins EGCG and ECG. Other components may also play a role in the antimicrobial synergy.
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